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1. Introduction

Motivation to measure the top quark mass

* One of the fundamental parameters of the SM

* Top mass is an important input parameter to various physics

* EW preC|S|on tests for SM % SM vacuum stablllty
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* Beyond SM
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Top quarks at Tevatron and LHC

Tevatron Main production process
. tt pair production

pp collider q ¢
discovered the top quark in 1995 >.0.Q0.Q0.<
shut down in 2011 o(tf) ~ 8pb {

q

LHC o(ff) ~ 900pb [ ¢ "00000] t
pp collider (Vs =14TeV) . 7

ended data takingatvs=7,8 TeV |

restart in 2015 at Vs = 13-14 TeV g t
(yesterday!)
S,




tt decay channel

tt branching ratio

b All hadronic
44%
W é z ) jets 15%
t+ets 15%
V V ‘
- "
W- _ J A
. Vv J "\::\) e ntiets 15%
b . ¥ere c+iels 15% ]
Dilepton Lepton+jets
Cross section S/N
Dilepton Small Very good
Lepton+jets Medium Good
All hadronic Large Not good
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Current status of top mass measurements

(direct measurement)
¢ Tevatron+LHC m, combination (arXiv:1403.4427)

Tevatron+LHC m, combination - March 2014, L_ =3.5 fb'-8.7 fb"
ATLAS + CDF + CMS + DO Preliminary

C»?ff},”b'.‘“' Hjets — et — 172.85 =+ 1.12 (0.52 = 0.49 = 0.86)
Cor fanl eriepton = 170.28 + 3.69 (1.95 £3.13)
C-?Eitf,n“' alljets < 172.47 + 2.01(1.43 £ 0.95+ 1.04)
C_?E::,h”' & sets ® 173.93 = 1.85 (1.26 = 1.05 = 0.86)
D_?. ? ;Lr::l-' s bttt 174.94 + 1.50 (0.83 + 0.47 = 1.16)
pbrir A = 174.00 = 2.79 (2.36 + 0.55 + 1.38)

L,=53M"

ATLAS 2011, l+jets
L,=47"

ATLAS 2011, di-lepton
L,=47%"

CMS 2011, l+jets
L,=40f"

CMS 2011, di-lepton
L,=49f"

CMS 2011, all jets

L,=35M"

World comb. 2014 % /ndf=43/10

—_— e —— 172.31+ 1.55(0.23+0.72+ 1.35)
—_—  — 173.09 + 1.63 (0.64 + 1.50)

b 5 173.49 + 1.06 (0.27 + 0.33 = 0.97)

—_— — 172.50 = 1.52 (0.43 + 1.46)
—_— 0 — 173.49 = 1.41(0.69 +1.23)

G b 173.34 + 0.76 (0.27 + 0.24 = 0.67)

§‘§ Tevaton March 2013 (Run W) —— 173.20 = 0.87 051 036=08n | (), 4% precision |
3O LHC September 2013 ——t 173.29 += 0.95 (0.23 + 0.26 = 0.88)
= l 1 | total (stat. IJES syst)
165 170 175 180 185
My, [GeV]

¢ Tevatron combination (arXiv:1407.2682) m,=174.34 + 0.64 GeV
¢ CMS combination (Sep. 2014)  m,=172.38 + 0.65 GeV
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Measured mass : mM¢

MC

Signal modeling in

Experiment — =

@ m; measurement

Theory (MC) ====>

Parton
Distribution
Function

Process
dynamics
and environment

> NI

Q| o

jgts

:: °
7t eC3

-

W]

nnot be treated

ithin pert. QCD

Hadronization

The measured mass is hadronization-model dependent (m V)

»

thC = mtpole

Cannot evaluate the difference between mM¢and m,ro'e
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Top quark mass?

* mM¢: Not a parameter defined in perturbative theory

e m,P°'¢ : Top quark has a color, so the physical
on-shell quark cannot exist 1 c

= Far from a fundamental param. PpP—mo — > (p, mo) p—m

m =m(u) (1+ as()d +a2(u)d + ... )

e m/M>: Short-distance mass

as 1
Free from IR contamination mo = m(p) (1 3 [ED

== Known as a good parameter in pert. QCD

Important to determine mM> accurately
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Measurement of MS mass (and pole mass)
( from tt cross section )

MS mass (Tevatron)
ARR DO, L=5.3fb "’
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The errors are still large.
* The sensitivity of o to m, is not so strong

e Theoretical uncertainties ~ 1.5 - 2 GeV
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Aim of this study

Determine a theoretically well-defined top mass

accurately at the LHC m,Po'e, m, M5

We propose a new method
which uses lepton energy distribution

“Weight function method”

et

By a simulation analysis at LO,
we show that this method works well.
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2. Weight function method

SK, Y.Shimizu, Y.Sumino, H.Yokoya, PLB 710, 658 (2012)
SK, Y.Shimizu, Y.Sumino, H.Yokoya, JHEP 08, 129 (2013)

New method for parent particle’s mass reconstruction
* Only lepton energy distribution is needed
* Independent of top-quark velocity distribution

Signal modeling in MC

/
T el
p Vi
L b
4 ; b
q
W
\\ E

nnot be treated
Parton Process ithin pert. QCD

Distribution dynamics
Function and environment Hadronization
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2. Weight function method

SK, Y.Shimizu, Y.Sumino, H.Yokoya, PLB 710, 658 (2012)
SK, Y.Shimizu, Y.Sumino, H.Yokoya, JHEP 08, 129 (2013)

New method for parent particle’s mass reconstruction

* Only lepton energy distribution is needed
* Independent of top-quark velocity distribution

> Free from ambiguity of

jets hadronization model
A»;:" .o -
L AT We can determine a
": Poe theoretically well-defined m,

'*;‘i;;‘:‘.:':-(‘Zannot be treated
__ within pert. QCD

Parton Process [ W

Distribution dynamics
Function and environment Hadronization
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Weight functions and the weighted integrals

Weight function
I(m) = / dE, DT(El)\W(E,,m)\

Lepton energy distribution in the lab. frame

There exist an infinite number of weight functions which satisfy

I{m=m/"¢)=0 for an arbitrary velocity distribution of top quarks

small veldcities

large velocitiep

m (GeV) 13 /29



Construction of weight functions

For a two-body decay: X —= £+Y (Xis scalar or unpolarized)

T T 3000 0
12 |— The rest frame of X 2t
1ar, V. A boosted frame 1
Tk o 0
047 ef = Eg/Eo—lé
0.2F . i
ool | )
00 05 10 15 20 25 : ]
E | E, P 210 -05 00 05 10
Lepton energy distribution p
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Construction of weight functions

For a two-body decay: X — £+Y (Xisscalar or unpolarized)

3,

147

120 |— The rest frame of X >

Lar A boosted frame 1
ras,, L
e? = Ey/Eo-
00 0.5 1.0 1.5 2.0 2.5 [
E; | Ey -

Lepton energy distribution p

/dElD(El) W(E,m") = 0 &= /dp(even func. of p)(odd func. of p) =0
dp x e PdE,

-

W(El,mg’{’“e) = e~ P(odd func. of p)]eszl/EO
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Construction of weight functions

For a many-body decay : X — £+ anything (X is scalar or unpolarized)

Lepton energy distribution in the rest frame of X

0.020

Can be expressed as a superposition of

Do .., lepton distribution for a two-body decay
0.005 gt ] I :
| Dy(E) = /dEDO(E) 5(E, — E) two=pody decay
oo 20 40 60 80 100 5 function
E; (GeV) Hneton
%0 05 10 15 20  2:
E; | Ey

A weight function would be also a superposition of that for a two-body decay

1
W (E;,m) = /dE Do(FE ; m)——(odd func. of p)
EEl eszl/E
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Examples of weight functions
For a top quark decay:t - Wb — {vb
W(E;,m) = /dE DO(E;m)EL(odd func. of p)

El eP:El/E
tanh
(odd func. of p) = n tanh(np)
cosh(np)
02
0.0
= —0.2;
X _04. m =173 GeV
qu ) L — =2
— —-0.6} — N =3
L — =5
—0.8; =15
-1.0-
0 20 40 60 80 100 120 140
E; (GeV)

2nE} 'E"Y(E - E*")
(El2n _|_E2n)2

W (E;, m) :/dEDO(E;m)
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Summary of weight function method

1. Construct weight functions for the process

1
W(E;,m) = /dE DO(E;m)ﬁ(odd func. of p)
’ l

eP=El/E

Lepton energy dist. in the rest frame of parent particle,
which can be calculated in pert. QCD

2. Use the lepton energy distribution measured by experiment as D(E,)

10

I(m) = / dE,D(E,)W (E;, m)

] (m) 0.0

050

3. Obtain the zero of I (m) as mtrve

I{m=mtve)=0

—10b—

m
m (GeV)

% We can use this method if parent particle is scalar or unpolarized

to determine any parameter which enters D /
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3. Top mass reconstruction
(Simulation analysis: LO)
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Setup of the analysis

LHC V5 = 14 TeV
b
* Signal tt events, Lepton(p)+jets channel
' vV
— J
t j
* Background Other tt events, W+jets, b

Whbb+jets, Single-top production

* Weight functions used in thls analysis

02;—
- | 2nE] T En-Y(E — B
= —02; m=173Gev | W(E;,m) :/dEDO(E;m) l 5 l
X 04 _, (E™ + E?)?
O L -_—— - 1
= -0.6] — n=3 ] .
_ost —n=s = Small weightatE,~ 0
[ — T 1
—-1.0¢F ]
0 20 40 60 80 100 120 140

E; (GeV)
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Parton level analysis

350000;
300000 -
> ;
QO 250000 -
> 200000
12] f
2 150000
O r
0 100000
50000
o pr L L LT
0 50 100 150 200 250 300
E; (GeV)
Weight function W(Ez,m)
02
0.0§
= 02 m = 173GeV
— —06} — =3
~08/ ——n=3
i w1 =15
~10!
0 20 40 60 80 100 120 140
El (GGV)

I(m) = / dE,D(E)W (E,, m)

3F — =2
25 -— =3
i — 1= 5
1k — =15
0
1)
M Am, = +0./GeV
_3E o
160 165

170 &175 180 185
m (GeV)
input m,

{ Effect of I',: +0.34GeV
MC stat. error : 0.4GeV

=) Consistent with expectation

In principle, our method works
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Event selection cuts

* 1 muon with p; >20GeV, |n| < 2.4 (lepton cuts)

* At least 4 jets

* At least 1 b-tag with the b-tag efficiency 0.4 independent of p, and n

¢ pT(jl) > 55, pT(jz) > 25, pT(jg) > 15, pT(j4) > 8GeV

: o /+
We do not use cuts concerning missing momenta. t W+
Vv
~
J

@

Cross section after all cuts

t

Signal - . Wbb+jets | Single top
(m.=173GeV) Other tt BG | W+jets BG BG 8G
22.4 pb 5.7 pb 1.8 pb 1.8 pb 1.3 pb

b

b
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Effect of lepton cuts

The event selection cuts and backgrounds deform
the lepton distribution.

The major effect is from the lepton cuts :
p({) >20 GeV, |n({)| <2.4

250000 | o ] I ]
S| . ] 80 After lepton cuts
200000 - ] . 60 1L .
150000i ] 1 40:,
O - 1 X
D : L e o T~ - ,
100000 |- 1= i =~ ]
| | A T~< 1 Before leptoh cuts
50000 - . | TN - (x10) |
| *HTTTWT . TS~
ol || L L || ‘[—U—I—[ﬁ .. ~ L

o 50 100 150 200 250 300 160 165 170 175 180 185
E; (GeV) m (GeV)
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Solution to the problem of lepton cuts
We compensate for the loss usmg MC events.

Events after all the cuts
with m, input — 173G€'V

300000 -

200000 -

100000 -

* \We need to assume some value for
m, of the compensated MC events

250 300

100 150 200
E; (GeV)
Compensated MC events W|th m,°

140000 -

‘50‘ —

120000 [
100000 -

80000

* To fix the normalization of the added events,
| perform a x?-fit so that p;(l) distributions are
connected smoothly

60000 |
40000

20000

0 |- et

0 30 40
pr(l) (GeV)

Compensated MC events
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Solution to the problem of lepton cuts

The weighted integrals with various m.*

e | e 17 = 167 GeV
8 — 170 GeV
2 &Y The zeros of I(m) come close to
< —  179GeV| the input mass (m,"PUt = 173GeV)
s 0- :
o NS
Y 101
_35 n::2' -

(V)]
— T

160 165 170 175 180 185

ey

Am, = +1.1Ge\

zero of I(m) - m©
I (@]

/

m,¢=m/"Put = zero of I[m) =m,°

m,¢ # m/"Put = zero of I(m) #m.S (guess) 166 168 170 17C2(Gl7<1/) 176 178 180
m.¢ (Ge

{ Effect of I, : +0.34GeV

MC stat. error - ~1Gey ™ Consistent
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Sensitivity of m, determination (LO)

. rec — input
mt mt

® n=2

i @ n=3
165 o =3
I ® n=

s 10 155 is0

Input top mass (GeV)
Uncertainties [GeV]

; n=2

| Input top mass(GeV)| 167 170 173 176 179
] mi°(GeV) 167.1 170.6 174.1 175.7 179.9
e At 100 fb?

* Lepton(e,u)+jets channel

* Assuming that the error of electron
mode is the same as the muon mode

Signal M scale PDF BG

stat. error

stat. error

3 o5 aws on  worer o

15 0.6 +1.4/-1.2 1.4 +0.9/-0.3 0.4

Can be improved by including NLO 26 /29
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NLO analysis (on-shell scheme)

Required NLO correction

* involving only top production ™) MC simulator

* involving only top decay ™ = MC + weight fn.

* involving both production and decay =~ ™) Correction

LO weight function W(E,,

T T T T T & T T T T T T [ T T T [ T T T TN T TFT ] T

- LO
- NLO

m = 173GeV

0 20 40 60 8 100 120 140

E, (GeV)

m)

5 5 Bsimulation analysis
_(parton level)

o I(m=mpole) =0

160 165 170 175 180 185
m (GeV)




4. Summary

* More precise measurements of m, are needed.

* We proposed a new method to measure
a theoretically well-defined top quark mass at LHC.

* We performed a simulation analysis of top mass
reconstruction with lepton+jets channel at LO.

* The problem of the lepton cuts can be solved
by compensating lepton distribution with MC events.

* The estimated stat. error is about 0.4GeV with 100fb.
Major systematic uncertainties are under good control.
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Ongoing & future work

% NLO, NNLO

* Include NLO, NNLO corrections to the top decay process
in weight functions. MS
g m) mtpole’ thS

* Include NLO corrections to the top production process

in MC. = Mg scale uncertainties can be reduced

% Effects of top off-shellness
% Collaboration with experimentalists

Q
mpoe=172.9 52 GeV M) We aim for AmpPo < 1 GeV

ATLAS, Eur.Phys.J. C74, 3109 (2014)
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